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Abstract

The manganese meso-dimethylimidazolium porphyrin complex Mn(II)[TDMImP] reacted with HOBr/OBr™ to generate the corre-
sponding oxo-Mn(V)[TDMImP] species. The rate of this process accelerated with increasing pH. A forward rate constant, kg, of
1.65x 10° M~ ! s7! was determined at pH 8. Under these conditions, the oxo-Mn(V) species is short-lived and is transformed into the
corresponding oxo-Mn(IV) complex. A first-order rate constant, kqps, of 0.66 ™! was found for this reduction process at pH 8. The
mechanism of this reduction process, which was dependent on bromide ion, appeared to proceed via an intermediate Mn(I11)-O-Br com-
plex. Thus, both a fast, reversible Mn(I11)-O-Br bond heterolysis and a slower homolytic pathway occur in parallel in this system. The
reverse oxidation reaction between oxo-Mn(V)[TDMImP] and bromide was investigated as a function of pH. The rate of this oxo-trans-
fer reaction (kyey = 1.4 x 10> M~ s7! at pH 8) markedly accelerated as the pH was lowered. The observed first-order dependence of the
rate on [H'] indicates that the reactive species responsible for bromide oxidation is a protonated oxo-hydroxo complex and the stable
species present in solution at high pH is dioxo-Mn(V)[TDMImP], [O=Mn(V)=0]". The oxo-Mn(V) species retains nearly all of the oxi-
dative driving force of the hypohalite. The equilibrium constant Kequi = kor/krev for the reversible process was determined at three dif-
ferent pH values (Kequi = 1.15 x 10% at pH 8) allowing the measurement of the redox potentials E of oxo-Mn(V)/Mn(III) (E = 1.01 V at
pH 8). The redox potential for this couple was extrapolated over the entire pH scale using the Nernst relationship and compared to those
of the manganese 2- and 4-meso-N-methylpyridinium porphyrin couples oxo-Mn(V)[2-TMPyP}/Mn(I1I)[2-TMPyP], oxo-Mn(V)[4-
TMPyP]/Mn(II1)[4-TMPyP], OBr~/Br~ and H,0,/H,O. Notably, the redox potential of oxo-Mn(V)/Mn(III) for the imidazolium por-
phyrin approaches that of H-O,/H,O at low pH.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Terminal metal-oxo species [M=O] are key reactive
intermediates in many biological processes catalyzed by
heme enzymes from the proton pumping apparatus of
cytochrome oxidase to the oxygen activation and transfer
reactions of cytochrome P450. The active species responsi-
ble for oxygen-transfer reactions in cytochrome P450
enzymes is considered to be an oxoFe(IV)-porphyrin n-cat-
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ion radical (compound 1) [1-5]. These enzymes are capable
of catalyzing a wide variety of oxidation reactions with
high selectivity including olefin epoxidations, C-H
hydroxylations, N-dealkylations and S-oxidations. This
rich reactivity has prompted sustained efforts toward the
development of biomimetic oxidation catalysts. Iron and
manganese porphyrins, in particular, are efficient catalysts
and useful tools for studying structure-reactivity relation-
ship in these catalytic and biological processes [1,2].
Haloperoxidases [6-8] are a class of enzymes that cata-
lyze the oxidation of halide ions by hydrogen peroxide,
with subsequent halogenation of organic substrates (Eq.
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Scheme 1. Reversible oxygen atom transfer between Mn(III)[ TDMImP] (1) and hypobromite, and oxo-Mn(V)[TDMImP] (2) and bromide. The oxo-
Mn(V) complex 2 refers to all high-valent species regardless of their protonation state. Specifically, 2 can exist as an oxo-aqua (L; = H,0), an oxo-hydroxo

(Ly = OH") or a dioxo (L3 = 0>") species.

(1)). These processes, which play a major role in global
organohalogen production [9,10], are thought to be impor-
tant components of the chemical defense of the organisms
that produce them. In addition, these halogenated natural
products are of pharmacological interest due to their anti-
fungal, antibacterial, antineoplastic, antiviral and anti-
inflammatory activities [11].

-+ Haloperoxidase
_

R-H+ X +H,0,+H R-X + 2H,0 (1)

The heme-containing haloperoxidases include lactoper-
oxidase, myeloperoxidase, chloroperoxidase (CPO), iso-
lated from Caldariomyces fumago found in terrestrial
systems [7,12-15], and FeHeme-BrPO from marine algal
systems [16,17]. In the case of CPO, an iron(III) hydroper-
oxide (compound 0) [18] and an iron(IV)porphyrin m-cat-
ion radical (compound 1) have been detected and
spectroscopically characterized [19,20]. It has been shown
that chloride can react with the high-valent iron-oxo com-
plex to produce an Fe(III)-OCI adduct. Freely diffusing
HOCI [21-23] and the enzyme-bound Fe(II1)-OCl adduct
[24] are both considered as possible species responsible
for delivering the “Cl"” equivalent. Kinetic studies involv-
ing FeHeme-BrPO indicate that the active brominating
species is not enzyme bound, but is rather released into
solution as seen by the accumulation of Br; [16]. CPO is
also one the most functionally diverse of the known heme
enzyme catalysts. In addition to catalyzing halogenation
reactions, CPO exhibits peroxidase, catalase and cyto-
chrome P-450 like activities. This enzyme is able to catalyze
stereo- and regioselective sulfoxidation and epoxidation
reactions [25-28].

There have been few studies devoted to the modeling of
haloperoxidases with metalloporphyrin complexes. The
first chloroperoxidase model was based on the association
of NaClO, with an iron(III) deuteroporphyrin IX, generat-
ing HOCI in situ. This system was able to convert
monochlorodimedone (MCD), a common substrate of
haloperoxidases, to dichlorodimedone [29]. More recently,
an iron(III) porphyrin complex containing a thiophenolato
ligand coordinated to the Fe center was described by Wog-
gon et al. [22]. Reaction intermediates were observed upon
reaction of this model complex with H,O,/C1™. Further, it
was able to chlorinate MCD with high turnovers.

Manganese porphyrins have been extensively employed
as biomimetic catalysts since the first detection of reactive
0xo-Mn(V) intermediates [30,31]. Meunier et al. have
described the chlorination of dimedone by the water-solu-
ble porphyrin Mn(III)TMPS supported on a polyvinylpy-
ridintum polymer [32]. The direct oxidation of bromide
by oxygen atom transfer from oxo-Mn(V) complexes has
been observed in our laboratory as well as the reverse reac-
tion, i.e., oxidation of the Mn(IIl) porphyrin with HOBr/
OBr ™ [33,34]. Recently, Naruta et al. [35] reported the for-
mation and characterization of a dinuclear oxo-Mn(V)
porphyrin complex. Upon protonation, this high-valent
species quantitatively oxidized CI™ into OCl .

In this paper, the oxidation of the manganese
meso-dimethylimidazolium porphyrin complex Mn(I1I)[TD-
MImP] (1), with HOBr/OBr~ to produce an oxo-
Mn(V)[TDMImP] complex 2 and the reverse reaction,
oxidation of bromide with the high-valent species 2 to
regenerate 1, are investigated (Scheme 1). With this highly
electron-deficient porphyrin ligand, 1 displays a reactivity
that is significantly different from those observed for the
isomeric meso-N-methylpyridyl porphyrins Mn(III)[2-
TMPyP] (3) and Mn(III)[4-TMPyP] (4). Mechanisms
explaining the reactivity of 1 are elucidated and equilib-
rium constants Keqy; for oxo-transfer are measured, leading
to the determination of the redox potential of the oxo-
Mn(V) 2/Mn(I1I) 1 couple over the entire pH range.

2. Materials and methods
2.1. Materials

Milli-Q water was used throughout the study. All buffers
were prepared fresh daily and all the chemicals were of the
best available purity. All oxidants (oxone, z-butyl hydro-
peroxide and NaOCl) were purchased from Aldrich. The
peroxysulfate concentration of oxone was determined by
iodometric titration. The active component of #-butyl
hydroperoxide was determined by iodometric titration with
sodium thiosulfate. Sodium hypochlorite was standardized
spectrophotometrically [36]. Sodium bromide, sodium per-
chlorate and phenolsulfonephthalein were obtained from
Aldrich and were used as received. Solutions of HOBr/
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OBr~ were prepared by mixing sodium hypochlorite with
sodium bromide under slightly basic conditions. A 5%
excess of sodium bromide was employed to ensure full
conversion of hypochlorite to hypobromite. The con-
centrations of HOBr/OBr~ solutions were standardized
spectrophotometrically [36]. The HOBr/OBr~ solutions
were then diluted in the appropriate buffer to obtain the
desired pH. 5,10,15,20-tetrakis[1,3-N,N-dimethylimidazol-
2-yllporphyrinato manganese(II1) chloride, Mn(I1I)[TD-
MImPI]CI1 (1-Cl), was synthesized according to the litera-
ture procedures [37,38].

2.2. Instrumentation

UV-Vis spectral measurements were carried out on a
Hewlett-Packard 8453 diode-array spectrophotometer at
room temperature. Stopped-flow experiments were per-
formed with a Hi-Tech SF-61 DX2 double-mixing instru-
ment with a 1 cm path length, the temperature being
regulated with a thermostat bath ISOTEMP 1016 S from
Fischer Scientific. '"H NMR spectra were recorded on a
500 MHz Varian INOVA spectrometer. EPR experiments
were recorded on a Bruker Elexys 580 X-band CW-EPR
system with dual cavity mode. Cryogenic temperatures
were obtained with a liquid helium cryostat.

2.3. Bromination of phenol red by UV-Vis spectroscopy

In a UV cell was placed 0.042 mL of a 1 mM solution of
porphyrin 1, 1.05 mL of a 20 mM solution of NaBr and
2.76 mL of a 10 mM phosphate buffer at pH 7.4. At
t=0, 0.042mL of a 20 mM oxone solution was added
followed by 0.105 mL of a 1 mM solution of phenol red
at ¢t > 10s. The final concentrations for each species are
as follows: [1]=0.0105mM, [NaBr]=5.25mM, [oxo-
ne] = 0.0105 mM and [phenol red] = 0.0263 mM. For the
experiment without porphyrin 1, 2.80 mL of buffer was
added.

2.4. Stopped-flow experiments

The porphyrin oxidations with HOBr/OBr~ were car-
ried out in the single-mixing mode under the diode-array
or single wavelength mode. The first syringe was filled with
the porphyrin complex 1 and the second one was filled with
the oxidant (HOBr/OBr~, oxone or ~-BuOOH), both dis-
solved in the same buffer at the chosen pH. Equal volumes
of the two reactants were quickly mixed. The concentra-
tions in porphyrin complex and oxidant were then divided
by two. The bromide oxidation reactions were performed
using the double-mixing mode. In a first push, the manga-
nese porphyrin complex 1 was mixed with an equal volume
of oxone, then, following an aging time (varies with pH),
the bromide solution was added in a second push. The con-
centrations in porphyrin complex and oxone are divided by
four and the bromide concentration is divided by two. The
concentrations reported are the final concentrations. Each

experiment was carried out in duplicate or triplicate unless
otherwise noted. All the experiments were performed in a
buffer at T=22.240.2"C unless otherwise noted. The
data were analyzed using the programs KinetAsyst 3.11
or Specfit/32 by monitoring the changes in absorbance at
the wavelength of choice.

2.5. pK, determination

The pK, values corresponding to the successive deproto-
nation of the two water molecules axially bound to the
manganese porphyrin were determined spectroscopically.
The absorption spectrum of the Mn(III) complex 1 was
taken at various pH values between pH 4.3 and 11.3 in a
10 mM Tris solution or between 3.1 and 10.3 in a 10 mM
phosphate solution, while keeping the porphyrin concen-
tration constant at 0.01 mM. For each measurement, a sta-
ble pH was observed even outside the buffer window. The
absorption spectra were analyzed using the program Spec-
fit/32. The pK, values were determined by fitting the
changes in absorbance with pH to a theoretical curve for
the dissociation of a diprotic acid.

2.6. EPR experiments

The EPR sample was prepared by dissolving 1 in
MeOH/pH 8 phosphate buffer (1:2) ([1] ~ 2 mM), to which
about 10 equiv of z-butyl hydroperoxide were added. A
portion of the solution prepared (200 pL) was transferred
to the EPR tubes and immediately frozen in liquid No.
The temperature was set at 5 K and the power attenuation
was at 20 dB in the perpendicular mode.

3. Results

3.1. Oxidation of Mn(III) [ TDMImP] (1) with
HOBr/OBr~ at pH 8

The oxidation of Mn(III)[TDMImP] (1) with HOBr/
OBr~ was studied by diode-array stopped-flow spectros-
copy in 10 mM pH 8 phosphate buffer (Fig. 1). The addi-
tion of 0.0625mM of HOBr/OBr~ to 0.0128 mM of
Mn(IIT)[TDMImP] (1) (Amay =442 nm) fully generated
the oxo-Mn(V) complex 2 with a Soret band at
A =425 nm. Clean isosbestic points were observed at 374,
434, 521, 552.5, 570 and 584 nm. Similar spectral features
were observed for the oxidation of porphyrin 1 with oxone
under similar conditions. A second-order fit was applied to
the absorbance changes at 425 nm for the conversion of 1
to 2. The apparent second-order rate constant, kg, was
determined to be 1.65x 10° M~ s~! at pH 8. With oxone,
a ko value of 1.53 x 10° M~ ! s™! was obtained. The high-
valent species 2 was characterized by '"H NMR spectros-
copy following oxidation of 1 with oxone under slightly
basic conditions. The spectrum displayed sharp proton res-
onances characteristic of a diamagnetic compound with a
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Fig. 1. Time-resolved spectra for the reaction between 0.0128 mM 1 and
0.0625 mM HOBr/OBr~ in 10 mM pH 8 phosphate buffer over 0.2 s. The
0x0-Mn(V) 2 reached its highest absorbance in about 0.11 s. Isosbestic
points are observed at 434, 374, 521, 552.5, 570 and 584 nm. The apparent
second-order rate constant, kg, for the formation of species 2 was
estimated to be 1.65x 10° M~ s~!. Inset: zoom on the isosbestic point at
434 nm. (100 scans, traces 1 in 5 shown.)

low-spin d* configuration as previously observed with oxo-
Mn(V)[2-TMPyP] (5) [39].

3.2. pH dependence of the oxidation of Mn(IIl) [TDMImP]
(1) with HOBr/OBr~

The oxidation of 1 with HOBr/OBr~ was also studied at
other pH values to determine the pH dependence of the
reaction. For these reactions, a higher oxidant concentra-
tion was employed with [HOBr/OBr~]= 0.26 mM. In pH
6.8 (Fig. S1) and 7.2 10 mM phosphate buffers, the same
high-valent species 2 was formed. As the pH was lowered,
a decrease in the maximum absorbance of species 2 was
observed. About 90% of 2 were formed at pH 7.2, while
only about 80% was generated at pH 6.8. A two-exponen-
tial fit was applied to the traces at 425 nm to account for
both the formation of the oxo-Mn(V) complex 2 (kopsi)
and its decay (kops2). The apparent second-order rate con-
stants, kg, for these oxidation reactions were determined
by dividing the k,ps; values by the initial concentration in
oxidant. The calculated values are: ko, = 2.6 x 10° M~ ' s7!
at pH 7.2 and ko, = 7.6 x 10* M~ s7! at pH 6.8. Log ko,
was plotted as a function of pH (Fig. 2). A slope of 1.1 was
obtained, which suggests the loss of a proton in the rate-
determining step of the oxidation reaction.

3.3. Stability of the high-valent oxo-Mn(V) complex 2

At pH 8, as soon as the oxo-Mn(V) complex 2 was fully
generated by addition of 5 equiv. HOBr/OBr~, it quickly
decayed to form a new species 6 with a Soret at 424 nm
and a shoulder at 390 nm (Fig. 3). A species with identical

6.4+

6.0

for

5.6+

log k

5.24

48 T T T v T v L
6.8 7.2 7.6 8.0

pH

Fig. 2. Plot of log kg, vs pH for the formation of the high-valent species 2
by oxidation of porphyrin 1 with HOBr/OBr™ in 10 mM phosphate buffer.
A slope of 1.1 is obtained (R* = 0.9944).
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Fig. 3. Time-resolved spectra for the reaction between 0.0128 mM 1 and
0.0625 mM HOBr/OBr~ in 10 mM pH 8 phosphate buffer over 4 s. The
high-valent species 2 was formed in about 0.11 s (Fig. 1), then it decayed to
form the oxo-Mn(IV) species 6 as seen by the decrease in intensity and
slight blue-shift of the Soret band and by the formation of a shoulder
around 390 nm. Inset: trace at 425 nm, corresponding to A, of 2. (100
scans, 12 traces shown.)

spectral features was generated by oxidation of 1 with
t-BuOOH (1 equiv.) at pH 8 (Fig. S2). The EPR spectra
of the high-valent species displayed specific characteristics
of a high-spin, monomeric d*> Mn(IV) species, i.e. a strong
broad resonance at g, = 3.7 and a weak signal at g = 1.96.
Accordingly, the initially-formed oxo-Mn(V) complex 2
quickly decayed under these conditions to generate the
oxo-Mn(IV) species 6. By contrast, the oxo-Mn(V) species
2 generated with 5 equiv. of oxone at pH 8 in the absence
of bromide ion did not show any signs of fast decay. The
first-order rate constant for the conversion of 2 to 6 was
estimated to be 0.66 s~ .
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3.4. Reaction of the oxo-Mn(V) complex 2 with bromide:
diagnostic characterization of OBr~ formation

To monitor bromide oxidation by the high-valent spe-
cies 2, and thus the formation of OBr™, the oxidation reac-
tion was studied by UV-Vis spectroscopy in the presence of
phenol red. This phenolic dye is commonly used as a stan-
dard assay for haloperoxidase activity [40]. In the presence
of HOBr, Br; or Brj, phenol red is easily tetrabrominated
to form bromophenol blue (Scheme 2). Under neutral con-
ditions, a red shift from 441 nm, characteristic of phenol
red, to 590 nm, characteristic of bromophenol blue, is
observed, along with a color change from orange-red to
purple. The oxidation of bromide by the oxo-Mn(V) com-
plex 2, formed by reaction of Mn(III)[TDMImP] (1) with
oxone (KHSOjs), was studied in 10 mM pH 7.4 phosphate
buffer at room temperature. A blank experiment was also
performed with no porphyrin present in the solution. The
addition of 0.105 mM of oxone to a solution containing
5.25mM of NaBr and 0.0105mM of 1 in a 10 mM pH
7.4 phosphate buffer generated the oxo-Mn(V) complex
2. Following the addition of 0.263 mM of phenol red, the
solution turned purple instantaneously and a new absorp-
tion band appeared at 590 nm indicating the formation of
bromophenol blue. At the same time, the high-valent spe-
cies was reduced to the Mn(III) state (Fig. S3). When the
reaction was realized without Mn(III)[ TDMImP] 1, the
bromination of phenol red was much slower (Fig. S4). A
Amax = 990 nm was only achieved after 290 s of reaction.
The bromination of phenol red was about 28 times faster
when the Mn(III) porphyrin complex 1 was present in the
system. The formation of hypobromite was thus acceler-
ated by the presence of the manganese porphyrin 1. There-
fore, Mn(IITI)[ TDMImP] can act as a catalyst for bromide
oxygenation.

3.5. Kinetics of bromide oxygenation

The oxidation of bromide by oxo-Mn(V)[TDMImP] (2)
was investigated by stopped-flow spectroscopy at room
temperature. The experiments were carried out in 10 mM
phosphate buffer between pH 5.95 and 8, and in 10 mM
acetate buffer at pH 5.6 and 5.2. All the solutions were
adjusted to the same ionic strength with 100 mM sodium
perchlorate, NaClO4. The oxo-Mn(V) complex 2 was
formed by mixing 0.007mM of porphyrin 1 with

Scheme 2. Bromination of phenol red to generate bromophenol blue.

0.007 mM of oxone, then various concentrations of sodium
bromide were added when the highest concentration of
0x0-Mn(V) 2 was achieved. The sodium bromide concen-
trations were varied from 0.035 to 0.14 mM. Once sodium
bromide was added, the oxo-Mn(V) complex 2 was reduced
back to the Mn(III) state. At pH 6.8, an isosbestic point
was observed at 434.5 nm, same wavelength as for the oxi-
dation of 1 with HOBr/OBr~. The kinetic profiles were
obtained by monitoring the disappearance of the oxo-
Mn(V) complex 2 at 425 nm. A one-exponential equation
was applied to the kinetic data except at pH 7.6 and 8
where a two-exponential equation was applied to account
for side reactions competing with the oxo-transfer reaction.
The trace at 425 nm for the decay of the oxo-Mn(V) com-
plex 2 upon addition of 0.14 mM of bromide at pH 5.2 and
the one-exponential fit applied can be seen in Fig. 4. The
oxidation reaction was found to be first-order in sodium
bromide at each pH studied (Fig. S5), the observed rate
constant, k.ps, increasing linearly with [NaBr]. The appar-
ent second-order rate constants, k., were calculated from
the linear slopes of the plots ks vs [NaBr] (Fig. 5). The
values for k., vary from 1.4 x 1M s at pH 8 to
10°M s~ ! at pH 5.2. The pH dependence of ke, is plot-
ted in Fig. 6. The rate of the reaction increases as the pH is
lowered. A one-proton dependence was observed over the
pH range studied.

3.6. Determination of the redox potential of the oxo-Mn(V)
2/Mn(III) 1 couple

The second-order rate constants kg, and k., corre-
sponding to the forward reaction (Mn(III)[TDMImP]
(1) - HOBr/Br™) and reverse reaction (oxo-Mn(V)-

X Experimental Data
Fit

0.254

0.20+

Absorbance (AU)

0.154

0.10 T T T T 1
0.00 0.01 0.02 0.03 0.04 0.05

Time (s)

Fig. 4. Decay of the absorbance at 425 nm upon addition of 0.14 mM
NaBr to a solution of oxo-Mn(V) 2 formed by mixing 0.007 mM
porphyrin 1 with 0.007 mM oxone in 10 mM pH 5.2 acetate buffer. A
one-exponential fit was applied giving the observed first-order rate
constant, kops = 160 s~
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K3
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_to
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Fig. 5. Plots of the pseudo-first order rate constant ks as a function of
[NaBr] for the reaction between oxo-Mn(V) 2 and Br™ in (a) 10 mM pH
5.2 acetate buffer and (b) 10 mM pH 7.2 phosphate buffer. Bromide
concentration was varied from 0.035 to 0.14 mM. The apparent second-
order rate constants k., corresponding to the slopes of the plots, were
determined to be 1.16x10°M~'s™! (R*=0.999) at pH 5.2 and
9.94x10° M~ 's7! at pH 7.2 (R*> = 0.999).

[TDMImP] (2) + Br™) have been determined at pH 6.8,
7.2 and 8. The equilibrium constant, K.y, for this
interconversion was then calculated at these three pH val-
ues with Kequi = kror/krev. These values are gathered in
Table 1. The K.q, values increase with pH. This clearly
demonstrates that porphyrin oxidation with HOBr/OBr~
is thermodynamically more favorable under basic condi-
tions and that bromide oxidation by the oxo-Mn(V)
complex is faster under acidic conditions. The equilibrium
constants K.q, obtained allowed us to calculate the
redox potential E,/; for the oxo-Mn(V) 2/Mn(I11) 1 couple
as a function of pH. The E,;; redox potentials were deter-
mined as follows (Eqs. (2) and (3)). The calculated E,; val-
ues are 1.13, 1.09 and 1.01 V at pH 6.8, 7.2 and 8,
respectively.

rev

log k

A oxo-Mn(V)[4-TMPyP] + Br
®  oxo-Mn(V)[2-TMPyP] + Br
®  oxo-Mn(V)[TDMImP] + Br
2 ——

5 6 7 8 9 10
pH

Fig. 6. Plot of log k., vs pH for the oxidation of bromide with oxo-

Mn(V)[TDMImP] (2) (®), oxo-Mn(V)[2-TMPyP] (5) and (@) oxo-

Mn(V)[4-TMPyP] (7) (A). A slope of —1.05 was obtained for log ke, Vs
pH for oxo-Mn(V)[TDMImP] (2).

Table 1
Equilibrium constants K.q,; for the reversible reaction between
Mn(III)[TDMImP] (1)/OBr~ and oxo-Mn(V)[TDMImP] (2)/Br~

PH kfor (Mil Sil) krev (Mil sil) Kequi
Mn(III) + OBr~ Mn(V) =0 + Br~ (orlkrev)
6.8 7.60 x 10* 2.64 % 10* 29
7.2 2.60% 10° 9.94x 10° 28
8 1.65x 10° 1.43x 10° 1155
0.0592
AE = log K equi (2)

n=2 and AE = EOBr’/Br’ — Ez/]
E2/1 = EOBr’/Br’ — 00296 IOgKequi (3)

From these experimental data and with knowledge of
the approximate pK, values of the two species involved,
the redox potential E,;, was extrapolated over the entire
pH scale using the Nernst equation. In the case of complex
1, the pK, values corresponding to the successive deproto-
nations of the water molecules coordinated to the manga-
nese(III) center were determined to be 6.45+0.17 and
9.26 + 0.04 in a phosphate solution and 7.82 + 0.04 and
8.78 +0.05 in a Tris solution. The difference in pK, values
can be attributed to the binding of phosphate to the man-
ganese center. As all the experiments leading to the deter-
mination of the equilibrium constants were performed in
phosphate buffer, the first set of pK, values determined
was employed for the extrapolation of the redox potential
vs pH. For the oxo-Mn(V) complex 2, the pK,, value, cor-
responding to the equilibrium between the oxo-hydroxo-
Mn(V) and the dioxo-Mn(V) complexes, was set at 5. This
value was determined based on the following spectrophoto-
metric data. The oxo-Mn(V) complex, generated by the
oxidation of Mn(III) porphyrin 1 with oxone, could be



1792 D. Lahaye, J.T. Groves | Journal of Inorganic Biochemistry 101 (2007) 17861797

pH<5 [Mn(II){H20)2]*

—_—
5<pH<645  [Mn()(HO)l*
645<pH<9.26 [Mn(N(HO)(OH)] __ p

pH > 9.26 [Mn(II1)(OH) 2 .

IMR(V)(©O)(OH)] + 3 H* +2 ¢

[Mn(V)(O)o +4H Y+ 2"

[MA(V)(O)o] +3H +2e

[Mn(V)(O)o] +2H*+2e"

Egq=E4°-0.0888pH (i)

Ezm = E2° -0.118 pH (||)

EZI‘I = E3° -0.094 DH (iii)

Eoq=E4°-0.0592pH (iv)

Scheme 3. Half-reactions for the couple oxo-Mn(V) 2/Mn(I1I) 1 as a function of pH and corresponding Nernst half-equations.

observed from pH 4.6 to 14 without any spectral changes
(Amax = 425 nm). However, below pH 4.6, the high-valent
complex could no longer be detected, even when employing
large concentrations of oxidant. We then inferred that this
change could be accounted for by the protonation of the
dioxo-Mn(V) complex, the resulting oxo-hydroxo-Mn(V)
being too unstable to be observed. With the data in hand,
four half-reactions can be written between the Mn(III)
complex 1 and the oxo-Mn(V) species 2 (Scheme 3). For
each half-reaction corresponds a Nernst half-equation,
the slope of which is dependent on the number of protons
and electrons involved. In the case of half-reaction (iii) in
Scheme 3, the slope was determined using the three
experimental E,;; values previously obtained at pH 6.8,
7.2 and 8. A slope of 0.094 was found, which is close to
the theoretical value of 0.0888 for a half-reaction involving
three protons and two electrons. Fig. 7 shows the redox
potential E vs pH diagram obtained for the couple
0xo-Mn(V)[TDMImP] (2)/Mn(IIH)[TDMImP] (1),
along with the following couples: oxo-Mn(V)[TDMImP]
(5)/Mn(IIH[ TDMImP] (3), oxo-Mn(V)[TDMImP]
(7)/Mn(IIH[ TDMImP] (4), OBr~/Br~ and H,0,/H,0.

1.8+
1.6
1.4+
1.2+

1.04

—v— ox0-Mn(V)Mn(ll} Mn[TDMImP]
—e— oxo-Mn(V)/Mn(lll) Mn[2-TMPYP]
0.8 4 —a— ox0-Mn(V)/MN{lIl) Mn[4-TMPYP]
—a— OBr/Br
—+—H O /HO
0.6 —
0 2 4 6 8 10 12 14

pH

Redox Potential E (V)

Fig. 7. Redox potential E (vs NHE) vs pH diagram for the following
couples: H,0,/H,0 (magenta), OBr /Br~ (black), oxo-Mn(V) (7)/Mn(I11)
(4) of Mn[4-TMPyP] (green), oxo-Mn(V) (5)/Mn(I1I) (3) of Mn[2-TMPyP]
(red) and oxo-Mn(V) (2)/Mn(I1I) (1) of Mn[TDMImP] (blue). (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

4. Discussion

The fast, reversible oxygen transfer reaction between
Mn(III)[ TDMImP] (1)/OBr~ and oxo-Mn(V)[TDMImP]
(2)/Br~ (Scheme 1) reported here and comparisons to sim-
ilar reactions of the 2- and 4-N-methylpyridyl porphyrins
we have previously described [33,34] have revealed much
about the mechanism of oxidative catalysis. We have
shown that the rate of formation of the high-valent oxo-
Mn(V) complex 2 increases under basic conditions whereas
the reverse process, the oxygen transfer reaction to sub-
strates, is accelerated at low pH values. The determination
of equilibrium constants for oxo-transfer to bromide has
afforded a rare opportunity to place manganese porphyrin
mediated oxygen transfer on an absolute energy scale.
Notably, the results show that the reactive oxomanga-
nese(V) porphyrin intermediates have retained nearly all
of the thermodynamic driving force for oxygen transfer
as the hypohalite that was used to generate them. Also,
we have shown that the fast heterolytic cleavage of the
O-Br bond in Mn(III)-O-Br to afford Mn(V)=0 is accom-
panied by a slower, homolytic reaction that produces
Mn(IV)=O0. The various aspects of this haloperoxidase
model reaction and, more generally, their relationships to
oxometalloporphyrin reactivity, will be discussed below.

4.1. Oxidation of Mn(III)[TDMImP] (1) with HOBr/
OBr~: formation of an oxo-Mn(V) complex

A wide variety of catalytic systems involving metallo-
porphyrins and external oxidants have developed over
the past three decades [1-4]. For the manganese porphyrin
systems, reactive oxo-Mn(V) intermediates, first detected in
our laboratory at low temperatures [30,31], were later eval-
uated kinetically by stopped-flow spectroscopy with
Mn(III)[4-TMPyP] (4) [41] and characterized to have a sin-
glet d> by 'H NMR spectroscopy with the 2-pyridyl isomer
[39]. Other oxo-Mn(V) complexes have been reported sub-
sequently in both aqueous and organic solutions [33,42—
44]. Oxo-Mn(V) complexes have also been characterized
with other tetrapyrrole complexes such as corroles [45]
and corrolazines [46].

Hypohalites in combination with manganese porphyrin
catalysts have often been used in biomimetic oxygenation
systems. Hypochlorite is a cheap, readily available and
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strong oxidant. These systems, usually studied under
biphasic conditions, have proven to be efficient for mediat-
ing epoxidation and hydroxylation reactions [47-49]. No
high-valent species were observed in those cases, but it
was proposed that hypochlorite could bind the Mn(III)
center to form a Mn(III)-OCl adduct that, upon cleavage
of the O—Cl bond, would yield an oxomanganese(V) com-
plex [50,51]. Recently, we studied the oxidation of the
water-soluble, meso-N-methylpyridyl porphyrin complexes
Mn(II1)[2-TMPyP] (3) and Mn(III)[4-TMPyP] (4) with
hypochlorite, and successfully generated the correspond-
ing oxo-Mn(V) complexes 5 and 7 in aqueous solutions
[39,41]. An apparent second-order rate constant of
6.3x10° M~ 57! was obtained at pH 7.4 for the oxidation
of porphyrin 4 [41]. Few cases involving hypobromite, a
slightly weaker oxidant than hypochlorite, have been
reported [52,53]. The porphyrin complexes 3 and 4 were
also reacted with this oxidant in aqueous solutions and
an oxo-Mn(V) species was detected spectroscopically and
kinetically characterized in both cases [33,34].

Oxidation of the meso-N, N-dimethylimidazolium por-
phyrin Mn(III)[TDMImP] (1) with HOBr/OBr~ generated
an oxo-Mn(V) complex that was found to be distinctly
more stable than 5 and 7. Direct formation of the oxo-
Mn(V) complex 2 from porphyrin 1 was observed with
clear isosbestic points (Fig. 1). The oxo-Mn(V) complex 2
is presumably formed by heterolytic cleavage of the O-Br
bond of an intermediate Mn(I1T1)-O-Br complex, although
the latter was not detected. This reaction is thermodynam-
ically favored. Bromide is an excellent leaving group (pK,
of —9 for HBr [54]). Thus, using the Bronsted relationship,
one expects bromide ion to be about 15 kcal/mol more sta-
ble than SO,>~ (pK, = 1.96), the product resulting from the
O-0O bond heterolytic cleavage of oxone. The proposed
mechanism of formation of the high-valent oxo-Mn(V)
complex 2 is shown below (Scheme 4). The oxidation reac-
tion displays a strong pH dependence, the rate increasing
with pH (Fig. 2). The same trend was observed with the
N-methylpyridyl porphyrins 3 and 4, although the sec-
ond-order rate constant, kg, for the oxidation of these
complexes with HOBr/OBr~ was about one order of mag-
nitude lower than with porphyrin 1 at pH 8 (Fig. S6) [34].
Mn(III)[TDMImP] (1) is therefore more readily oxidized
than the two pyridyl porphyrins 3 and 4 despite the more
electron withdrawing nature of the imidazolium substitu-

O/ESr o Te

OHs
| A
— Mn''— + OBr — Mn!ll— —MnY=— + Br
| e | it |
L L (0]
1 2
L = H,0 or OH"

Scheme 4. Proposed mechanism for the oxidation of Mn(IITI)[ TDMImP]
(1) with HOBr/OBr™ to generate the oxo-Mn(V) complex 2.

ent. As shown in Fig. 2, a proton is lost during the oxida-
tion reaction. Under the reaction conditions employed for
the experiments (pH < 8), HOBr is the major species in
solution. With a pK,, of 8.7, the proton loss could therefore
come from the deprotonation of HOBr. A deprotonation
of one of the ligands coordinated to the manganese com-
plex in species 1 or in the intermediate Mn(III)-OBr could
also account for this observation.

At pH 8, the oxo-Mn(V) species 2 formed rapidly by the
addition of 5 equiv. of HOBr/OBr~ and decayed within a
few seconds affording the oxo-Mn(IV) complex 6. The lat-
ter species, 6, displayed higher stability than the oxo-
Mn(V) species 2 under these conditions. The one-electron
reduction observed is not due to the spontaneous decay
of the high-valent species 2 since 2 produced by the oxida-
tion of 1 with oxone did not decay in this manner. The only
difference with the reaction carried out with oxone is the
presence of bromide ion. In addition, the oxidation of
Mn(III)[TDMImP] (1) with HOBr/OBr~ to form the
oxo-Mn(V) complex 2 is reversible. We conclude, there-
fore, that re-addition of bromide at the oxo-moiety of the
high-valent species 2 is dynamically reforming the
Mn(IIT)-OBr intermediate. This adduct does not regener-
ate the starting Mn(III) complex and the oxidant, as no
absorption bands corresponding to the Mn(III) complex
1 were observed. However, the Mn(III)-O-Br complex
can undergo a homolytic cleavage of the O-Br bond gener-
ating the oxo-Mn(IV) complex 6 (Scheme 5). Interestingly,
homolytic Cl-O-Fe(heme) decomposition has been
invoked by Ortiz de Montellano recently to explain the
mesoheme chlorination observed for the peroxidase from
Arthromyces ramosus [55].

This homolytic pathway is apparently thermodynami-
cally favored. With a bond dissociation energy (BDE) of
87.6 kcal/mol for H-Br [54], Br' is 16.4 kcal/mol more sta-
ble than 7-butyloxy radical with a bond dissociation energy
of 104 kcal/mole reported for the O-H bond of 7-butanol
[56]. -Butyloxy radical is the product resulting from the
0O-0 bond homolysis of #-butylhydroperoxide, an oxidant

OH o)\,« o

| W
—Mn"'— + OBr — M — —= —MnV— + Br

| B ] R

OH, L o

1 2

k=066s" K "
L= H,0 or OH" 2H
o

— MnV— + Br

OH,
6

Scheme 5. Mechanism of formation of the oxo-Mn(IV) complex 6 at pH
8.
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known to generate an oxo-Mn(IV) species as discussed
above. The two-step reduction of the oxo-Mn(V) complex
2 generating the oxo-Mn(IV) complex 6 can be written as
an equilibrium between the two high-valent species as
shown in Scheme 6. The equilibrium constant for this pro-
cess is related to the potentials of the two couples involved:
0x0-Mn(V) 2/0xo-Mn(IV) 6 and Br//Br™. The potential for
Br/Br~ is E°=192V [57]. To explain the chemistry
observed, a higher potential for oxo-Mn(V) 2/oxo-Mn(IV)
6 (E.") is thus expected. The E,° potential can be calculated
as shown in Scheme 6. An E° value of 2.20 V was found.
Since the E,° for oxo-Mn(V) 2/oxo-Mn(IV) 6 is higher
than that of Br/Br~, the one-electron reduction of the
oxo-Mn(V) complex 2 is thermodynamically favored.
The AG® value for the reaction was determined to be
—6.5 kcal/mol. We note that [(aq)Cr(IV) = OF" has also
been shown to oxidize bromide ion via a one-electron oxi-
dation [58].

4.2. Comparison of bromide oxygenation by oxo-Mn(V)
complexes 2, 5 and 7

The oxygenation of bromide has previously been inves-
tigated with the high-valent species oxo-Mn(V)[4-TMPyP]
(7) and oxo-Mn(V)[2-TMPyP] (5) [33,34]. The profound
pH dependence observed (Fig. 6) led us to conclude that
the rate of oxo-transfer in these systems was controlled
by equilibria between the various protonated states,
dioxo-, oxo-hydroxo- and oxo-aqua-, of the high-valent
manganese(V) species. We further concluded that the
active oxo-Mn(V) species involved in the oxygen transfer
was the oxo-aqua-Mn(V) complex (Scheme 7). The pro-
posed mechanism was supported by DFT calculations
[34] that have located the pertinent pK, values and indi-

4HY+2e + [(Mn(V)(O)a]

[Mn(I11)(OH2)2]"

[Mn(Il)(OHz)2]"

IMN(IV)(O)(OHa)] + 2 H  + 1 &

cated that the successive protonations of the oxo-Mn(V)
species lowered the energy gaps between the singlet ground
state (S) and the triplet (T) and quintet (Q) excited states
and also increased the electron affinity. The higher reactiv-
ity observed at low pH appears to be related to the T and Q
spin states becoming more accessible, this phenomenon
being associated with a weakening of the oxo-Mn bond
since the transition state for the reaction occurs near a
T-Q energy crossing.

The reaction between oxo-Mn(V) 2 and Br~ has been
characterized in the present work as a two-electron reduc-
tion of the high-valent oxo-Mn(V) species to the Mn(III)
complex 1 upon nucleophilic addition of bromide to the
0x0-Mn(V) oxygen and concomitant formation of coordi-
nated BrO™. This oxygen transfer reaction, which is analo-
gous to olefin epoxidation or S-oxygenation, was observed
to decrease in rate by 3 orders of magnitude at higher pH.
For oxo-Mn(V)[TDMImP] (2), the rate constant showed
first-order dependence in [H'] over the entire pH range
studied (5.2 <pH <8), in contrast to the behavior of §
and 7 that showed distinct biphasic behavior (Fig. 6). A
low pK,, value is inferred for the equilibrium between the
oxo-hydroxo-Mn(V) and the dioxo-Mn(V) complexes
(pKaz> < 5) in 2. This is the result of the higher acidity of
coordinated hydroxide for the imidazolyl porphyrin vs
the 2- and 4-N-methylpyridyl complexes, resulting from
the presence of positive charges lying closer to the metal
center.

Under the present experimental conditions, the very
stable high-valent manganese(V) species that is present
at high pH is the dioxo-Mn(V) porphyrin complex,
[O=Mn(V)=0] as we have previously discussed [33,34].
The likely presence of such a deprotonated dioxo form
for Mn(V) at high pH was first inferred by Su et al. on

E°=192V )

Es°=1.64V (ii)

2H+ 1 e + [(Mn(V)(O)]

[Mn(IV)(O)(OH2)]

E®=2E°-E° (iii)

Scheme 6. Determination of the oxo-Mn(V) 2/oxo-Mn(IV) 6 potential E". The potentials for the Mn(IV) 6/Mn(1II) 1 couple (vs NHE) were determined
by cyclic voltammetry using a three-electrode cell (vs Ag/AgCl) at pH 8.7, 9.5 and 13.6. A potential vs pH diagram based on the protonation state of each
species involved was constructed from this data, allowing the determination of the potential £,°. The potential E,° was previously determined in Scheme 3

(i).

O_|@

I e

H*
—MnY — — MnY — .
I - | .
2 pKaQ BH pKa1

® ®
o] _‘ OH2—|

| : |

— MnY — +kBr — Mn''"— + 0Br
| int |
OH» OH»

Scheme 7. Proposed mechanism for the oxidation of bromide by the oxo-Mn(V) complexes oxo-Mn(V)[4-TMPyP] (7) and oxo-Mn(V)[2-TMPyP](5). The
active form for both high-valent species is the oxo-aqua-Mn(V) complex while the stable form is dioxo-Mn(V).
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Scheme 8. Proposed mechanism for the oxidation of bromide with oxo-Mn(V)[TDMImP] (2).

the basis of electrochemical measurements [59]. It has very
recently been reported by Song et al. [44] that manga-
nese(V) porphyrins prepared according to the method of
Watanabe [31] are also stabilized by excess base in non-
aqueous solvents. Our results [33,34] show that the high
stability and slow oxo-Mn exchange rates reported indicate
that dioxo-Mn(V) complexes are formed under those con-
ditions as well.

The data show that oxo-Mn(V)[TDMImP] (2) is about
1-2 orders of magnitude less reactive than oxo-Mn(V)[2-
TMPyP] (5) and 2-3 orders compared to the 4-pyridyl-iso-
mer 7 at a given pH. The first-order proton dependence
observed for oxo-transfer from 2 can be interpreted in at
least two ways. The most straightforward interpretation
for the low reactivity of 2 is a rate-limiting, nucleophilic
attack by bromide ion on the oxo-hydroxo-Mn(V) form
(Scheme 8). By contrast, the main reaction pathway for 5
and 7 seems to involve the oxo-aqua form due to the lower
acidity of those complexes. Thus, while the oxo-hydroxo
forms of 5 and 7 are also present, they are contributing lit-
tle to the overall rate. Alternatively, another pK, could be
compensating for the second (hydroxo to aqua) prototro-
pic equilibrium that is apparent in the reactivity profiles
of 5 and 7. We cannot distinguish between these kinetically
equivalent scenarios with the data at hand.

The pronounced reactivity trend observed for these very
similar oxo-Mn(V) porphyrins is opposite to what would
be expected for the effect of electron withdrawing groups
on the periphery of an oxidation catalyst. Usually, elec-
tron-deficient substituents would destabilize a high-valent
metal complex making it more electrophilic and thus more
reactive, as has been observed for manganese salen-medi-
ated epoxidations [47]. We have attributed the reverse reac-
tivity trend for the manganese pyridyl porphyrins to two
main factors, increased acidity of the metal-coordinated
water and a stabilization of the A,, orbital in the oxo-
aqua-Mn(V) species by the electron withdrawing group
[34]. The latter effect results in an increase of the singlet—
triplet—quintet excited state energy gaps as the electron-
withdrawing effect of the porphyrin ligand increases. In
fact, the A,, orbital has large coefficients on both the por-
phyrin nitrogens and the meso-carbons. This orbital is then
strongly affected by a change in substituents at the meso-
positions. In a similar manner, the higher electron defi-
ciency of the imidazolyl ligand should result in a higher
stabilization of the A,, orbital, and therefore a lower reac-
tivity of the complex as is observed.

4.3. Equilibrium constants and redox potentials

The second-order rate constants kg, and k.., corre-
sponding to the forward reaction (Mn(III) + HOBr/Br™)
and reverse reaction (oxo-Mn(V) + Br™), have been deter-
mined for the imidazolyl, 2- and 4-pyridyl porphyrins [33]
at various pH values. From these data, equilibrium con-
stants K.qu; corresponding to the oxygen transfer intercon-
version can be obtained. The equilibrium constants
determined at pH 8 for all three complexes considered
are gathered in Table 2. For all three complexes, Kequi val-
ues above 1 are found. These results show that at pH 8, the
forward reaction (formation of the high-valent species) is
favored compared to the reverse one (oxidation of bro-
mide). The K.q,i value for Mn[TDMImP] is about 2-3
orders of magnitude larger than for the 2- and 4-pyridyl
porphyrins. This clearly shows that the oxidation to the
high-valent oxo-Mn(V) complex by HOBr/OBr~ is facili-
tated by the highly electron withdrawing imidazolyl por-
phyrin at pH 8.

From the equilibrium constants determined for each
porphyrin, E vs pH diagrams were constructed (Fig. 7)
[33]. This plot indicates that the oxidation of bromide by
the oxo-Mn(V) complexes is facilitated under acidic condi-
tions as this reaction becomes thermodynamically more
favorable. In the pH range investigated (5-8), the imidazo-
lyl porphyrin has lower potentials than the two other por-
phyrins studied. The redox potential of oxo-Mn(V)/
Mn(III) for the imidazolium porphyrin approaches that
of H,O0,/H,O at low pH. The potentials of the oxo-
Mn(V)/Mn(III) couples are dependent on the pK, values
of both the Mn(III) and oxo-Mn(V) complexes. The imid-
azolyl porphyrin, being more acidic than the two other
porphyrins considered, has lower pK, values than the 2-
and 4-pyridyl porphyrins. Thus, the higher acidity of the
imidazolyl porphyrin is responsible for the lower reactivity
of complex 2 at moderate and high pH.

Table 2
Equilibrium constants K.q,i determined at pH 8 for the interconversion
reaction for Mn[TDMImP], Mn[2-TMPyP] and Mn[4-TMPyP]

Porphyrin =~ kior (M~ 's7") ey M7's71) Kequi
ligand Mn(III) + NaOBr Mn(V) =0 + NaBr (ktor/krev)
TDMImP 1.65x10° 1.43x10° 1155
2-TMPyP 1.25%10° 1.58 x 10* 7.9
4-TMPyP 224 x10° 2% 10° 1.12
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5. Conclusions

A fast, reversible oxygen atom transfer between bromide
and the manganese meso-imidazolium porphyrin complex
oxo-Mn(V)[TDMImP], (2), has been observed directly
and compared to those previously observed with the 2-
and 4-N-methylpyridyl porphyrin complexes. The oxygen-
ation of bromide is favored at lower pH values while the
reverse reaction between Mn(III)[ TDMImP] (1) and BrO™
is accelerated as the pH is raised. Indeed, the rate of oxygen
transfer of these oxo-Mn(V) complexes was observed to
decrease by 3-5 orders of magnitude between pH 5 and
pH 9. The slow reaction at high pH is attributed to the for-
mation of a kinetically stable dioxo-Mn(V) complexes
[O=Mn(V)=0] . The initially-formed oxo-Mn(V) com-
plex is observed to transform into the more stable oxo-
Mn(IV) complex in a slower process that is dependent
upon bromide. We conclude that the oxo-Mn(V) complex
is in equilibrium with the corresponding Mn(IIT)-OBr
adduct that undergoes homolytic MnO-Br bond clea-
vage to produce the oxo-Mn(IV) complex. A AG° of
—6.5 kcal/mol was determined for this one-electron reduc-
tion of the oxo-Mn(V) complex with concomitant forma-
tion of a bromine atom. The potential vs pH diagram
constructed for the oxo-Mn(V)/Mn(III) couple indicates
that the imidazolyl porphyrin complex can reach higher
potentials at low pH compared to the 2- and 4-pyridyl por-
phyrin complexes. This is a result of the higher acidity of
this complex. The equilibrium constants observed for the
reversible oxygen transfer from oxo-Mn(V) indicate that
nearly all of the oxidizing power of HOBr is retained in
the high-valent manganese complex. Therefore, the synthe-
sis of even more electron-deficient manganese porphyrin
complexes could increase the oxidation potential enabling
the possible oxidation of water under acidic conditions.

The reader is referred to the following references for fur-
ther thoughts on the dedication of this work [60,61].

6. Abbreviations

Mn(III)[TDMIm]CI 5,10,15,20-tetrakis[1,3-N,N-dimethyl-
imidazol-2-yllporphyrinato manganese(III) chlo-
ride

Mn(III)[2-TMPyP]C1 5,10,15,20-tetrakis[2- N-methylpyr-
idylJporphyrinato manganese(III) chloride

Mn(III)[4-TMPyP]IC1 5,10,15,20-tetrakis[4-N-methylpyr-
idyl]porphyrinato manganese(I1I) chloride

BDE bond dissociation energy
NHE normal hydrogen electrode
S singlet state

T triplet state

Q quintet state
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